Introduction
Parkinson disease (PD) is a devastating neurodegenerative movement disorder affecting 1 to 2% of the population above 60 y of age. 1, 2 Typical motor symptoms of PD are resting tremor, bradykinesia, muscular rigidity and postural instability. The manifestation of the motor symptoms coincides with a marked reduction of dopamine levels, which results from the pronounced loss of dopaminergic neurons in the substantia nigra pars compacta and the degeneration of their projections to the caudate-putamen. 2 A characteristic patho-anatomical feature of PD is the deposition of protein inclusions in the soma or processes of surviving brainstem Mutations in the leucine-rich repeat kinase 2 (LRRK2, PARK8, OMIM 607060) gene represent the most common known cause of hereditary Parkinson's disease (PD) with late-onset and dominant inheritance. LRRK2 protein is composed of multiple domains including two distinct enzymatic domains, a kinase and a Ras-of-complex (Roc) GTPase, connected by a C-terminal-of-Roc (COR) domain, and belongs to the ROCO protein family. Disease-causing mutations located in the kinase domain enhance kinase activity (i.e., G2019S) whereas mutations clustering within the Roc-COR tandem domain impair GTPase activity (i.e., R1441C/G and Y1699C). Familial LRRK2 mutations commonly induce neuronal toxicity that, at least for the frequent G2019S variant, is dependent on kinase activity. The contribution of GTPase activity to LRRK2-dependent neuronal toxicity is not yet clear. Therefore, both GTPase and kinase activity may be important for mediating neurodegeneration in PD due to familial LRRK2 mutations. At present, the physiological function of LRRK2 in the mammalian brain and the regulation of its enzymatic activity are incompletely understood. In this review, we focus on the GTPase domain of LRRK2 and discuss the recent advances in elucidating its function and its interplay with the kinase domain for the regulation of LRRK2 activity and toxicity. GTPase activity is an important feature of LRRK2 biology and pathophysiology and represents an underexplored yet potentially tractable therapeutic target for treating LRRK2-associated PD.
neurons, termed Lewy bodies and neurites, respectively, which are composed mainly of fibrillar α-synuclein protein. 3 The etiology of PD is unknown and most cases occur sporadically; however, since 1997 several mutations in genes of no apparent connection to each other have been identified to cause hereditary PD. 4 The occurrence of mutations in the genes of SNCA (α-synuclein), PARK2 (parkin), DJ-1, PINK1, ATP13A2, VPS35 (vacuolar protein sorting 35), EIF4G1 (eukaryotic initiation factor 4G1) and LRRK2 (leucine-rich repeat kinase 2) are relatively rare. However, understanding the impact of pathogenic mutations on the physiological function of these gene products is of major importance in order to elucidate the molecular pathways underlying neurodegeneration in PD.
LRRK2 has attracted significant attention since genetic studies revealed that missense mutations in the protein represent the most common cause of familial PD. [5] [6] [7] Moreover, genome-wide association studies have identified common variation in the LRRK2 gene as a risk factor for sporadic PD. 8, 9 From the numerous putative pathogenic variants in LRRK2 that have been identified, at least seven missense mutations-R1441C, R1441G, R1441H, N1437H, Y1699C, G2019S and I2020T-are considered truly pathogenic since they segregate with disease in families with PD. 1, 10 The G2019S mutation is the most frequent LRRK2 mutation, reported within a range of 5 to 40% of familial cases, depending on the ethnicity of the patient population.
10 LRRK2 mutations are inherited in a dominant fashion and homozygous carriers exhibit the same phenotype and age of disease onset as heterozygous carriers indicating that pathogenic mutations most likely act through a toxic gain-of-function mechanism. 11 Although the clinical characteristics of the disease in LRRK2 mutation carriers are similar to sporadic PD, the neuropathological findings are partly heterogeneous. The majority of LRRK2-linked cases show typical Lewy body pathology; however, some reported cases, mostly related to mutations in the GTPase domain, lack Lewy body pathology and exhibit either ubiquitin-positive inclusions, tauopathy or the absence of pathological inclusions. 7, [12] [13] [14] The reasons and implications for such pathological heterogeneity in LRRK2-linked PD cases are not clear at this juncture.
Structure of LRRK2
LRRK2 is a large 2527 amino acid protein of ~280 kDa consisting of multiple domains that is named for its leucine-rich REVIEW REVIEW diffuse and cytoplasmic in close proximity with various intracellular membranous and vesicular structures. Subcellular fractionation experiments and confocal and electron microscopy studies have revealed the association of LRRK2 with the following intracellular structures: mitochondrial outer membrane, endosomes, lysosomes, multivesicular bodies, microtubule-associated vesicles, lipid rafts, the Golgi complex and the endoplasmic reticulum. 11, 20, 21 From the subcellullar localization of LRRK2 and evidence acquired so far from cellular and animal models, it is suggested to play a role in organization of cytoskeletal and microtubule networks, vesicular trafficking and membrane dynamics as well as in molecular signaling events such as the Wnt pathway and microRNA processing. 11, [22] [23] [24] [25] It has not yet been clarified how the kinase, GTPase and protein-protein interaction domains of LRRK2 regulate these cellular processes under physiological conditions and consequently how pathogenic mutations affect the enzymatic activity and overall functional output of LRRK2 upon these processes.
Enzymatic Activity of LRRK2
The GTPase domain of LRRK2 comprises only a small fraction (amino acids 1335-1510) of the full length protein (~7% of total); however, it harbors many of the mutations that clearly segregate with PD. The R1441 residue is a particular hotspot for mutations with three confirmed variants (R1441C/G/H) known to cause PD suggesting that this residue is important for the proper function of LRRK2. Recently, another variant within the GTPase domain of LRRK2, N1437H, was identified to cause autosomal dominant PD. 26 The GTPase domain of LRRK2 is composed of motifs that are conserved among all small G proteins: the guanine nucleotide phosphate-binding motif (P-loop), switch I and switch II motifs, which undergo conformational changes upon GTP binding, G4 and G5 motifs (Fig. 1) .
Several in vitro biochemical studies have unequivocally confirmed that LRRK2 can bind to guanine nucleotides and possesses weak intrinsic GTPase activity. [27] [28] [29] [30] [31] [32] The precipitation of repeats and kinase domain. LRRK2 is classified as member of the ROCO family of proteins, a Ras GTPase-related subfamily, which is comprised by large proteins with multiple functional domains. Like other members of this family, LRRK2 contains a Ras-of-Complex (Roc) GTPase domain in tandem with a characteristic domain of unknown function, termed C-terminal-of-Roc (COR), and a serine/threonine-directed protein kinase domain with homology to receptor-interacting protein kinases (RIPKs) and mixed-lineage kinases (MLKs). 15, 16 The Roc-COR-kinase catalytic region in the center of the protein is flanked by repeat sequences which comprise putative protein-protein interaction domains: LRRK2-specific, armadillo, ankyrin and leucine-rich repeat motifs in the N-terminal region and WD40 repeats at the C-terminus of the protein (Fig. 1) .
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The ROCO protein family, named for the Roc and COR domains, which are always found in tandem, has a broad evolutionary range being described in plants, prokaryotes, invertebrates and mammals. The first protein belonging to the ROCO family, a cyclic GMP target protein, was discovered in Dictyostelium discoideum. 17 In mammals, besides LRRK2 the other known ROCO proteins are DAPK1 (death-associated protein kinase 1), MFHAS1 (malignant fibrous histiocytoma amplified sequence 1) and LRRK1. The latter is the only paralog to LRRK2 in humans and shares the closest sequence homology; they differ in the N-terminal region, which is longer (approximately 650 amino acids) in LRRK2. Of the mammalian ROCO proteins, MFHAS1 does not contain a kinase domain while the kinase domains of LRRK1/2 and DAPK1 proteins differ in sequence suggesting that they evolved independently. These two observations may suggest that GTPase activity is the primary enzymatic functional output of ROCO proteins with the kinase domain potentially arising to regulate this function. 15, 18, 19 Although there is little information on the regulation and physiological function of ROCO proteins they all appear to be commonly involved in regulating cytoskeleton organization.
The physiological function of LRRK2 is unclear at present. substitutions in related small GTPases, thus representing a GTPlocked form of LRRK2. Unexpectedly, enhancing (R1398L) or impairing (R1398L/T1343V) GTP hydrolysis impairs kinase activity compared with WT LRRK2 indicating that GTP hydrolysis is required to maintain normal kinase activity. 35 In accordance with this observation, treatment of cell lysates with hydrolyzable GTP enhances the kinase activity of LRRK2 to a greater extent than treatment with the non-hydrolyzable GTP analog, GppCp [guanosine-5'-([β,γ]-methyleno)triphosphate], and the enhanced effects of GTP are dependent on the capacity for GTP hydrolysis. 35 Collectively, these studies provide evidence that the kinase activity of LRRK2 is GTPase domain-dependent and requires both GTP binding and GTP hydrolysis for the proper regulation of activity.
Its distribution within neuronal cells under basal conditions is
Conventional GTPases function as molecular switches cycling between GTP-bound active and GDP-bound inactive states. Nucleotide binding induces conformational changes within the protein that culminate in the activation of effector proteins and the initiation of signal transduction cascades. It has been suggested that a similar mechanism regulates the enzymatic activity of LRRK2. The unusual presence of kinase and GTPase domains within the same protein initially seeded the notion that these two enzymatic activities could be linked together through intramolecular signal transduction whereby the GTPase domain serves to regulate kinase activity. Similar regulatory mechanisms exist for Ras GTPases which directly activate Raf kinases to initiate a phosphorylation-mediated signaling cascade. Current evidence suggests that GTP binding increases kinase activity and functional mutants that cannot bind to GTP (i.e., K1347A or T1348N) consistently show impairment of kinase activity, 27, 31, 32, 35 initially consistent with a classical Ras/Raf-like mechanism. However, the picture is perhaps more complicated than initially conceived since GTP binding capacity rather than direct GTP binding promotes LRRK2 kinase activity implying the requirement for an unknown GTP-dependent accessory protein, 36 whereas the effects of K1347A and T1348N P-loop mutations on disrupting GDP/GTP binding may occur secondary to impaired dimerization, structure and protein stability of LRRK2 making the interpretation of these functional mutations challenging. 35 Furthermore, GTP hydrolysis unexpectedly appears to contribute to LRRK2 kinase activity in addition to GTP binding potentially suggesting that the hydrolysis event itself may in part drive kinase activation. 35 Collectively, current evidence indicates that the intramolecular regulation of GTPase and kinase activities does not conform to a classical Ras/Raflike mechanism and that LRRK2 may not strictly function as a conventional GTPase.
Biochemical experiments have confirmed that LRRK2 exists as a homodimeric protein. [39] [40] [41] [42] Crystallographic studies of the related Roc-COR tandem domain from the Chlorobium tepidum ROCO protein suggest that dimerization is mediated through the COR domains. 43 The residues at the COR-COR dimer interface are the most conserved among bacteria ROCO proteins and mammalian LRRK1/2 proteins indicating that dimerization through the COR domains could potentially occur in human LRRK2, although evidence for such an interaction is presently exogenous LRRK2 from cell lysates with GTP-coupled resin, or binding experiments with radiolabeled non-hydrolyzable GTP analogs, have confirmed the GTP binding capacity of LRRK2 while competition with free GTP or GDP can prevent this binding. [27] [28] [29] [31] [32] [33] Familial mutations in the Roc-COR domains, R1441C/G and Y1699C, exhibit decreased GTP hydrolysis when compared with wild-type (WT) LRRK2, but evidence of their effects on the steady-state levels of GTP binding has proved inconsistent with reports of both increased or unaltered binding compared with WT LRRK2. 28, 29, [32] [33] [34] The recently described N1437H mutation has also been reported to increase LRRK2 GTP binding. 26 Based on sequence similarities with the GTPase domain of Rab-like proteins, it is possible to identify synthetic functional mutations that should alter the ability of LRRK2 to bind and hydrolyze GTP. 27 For example, mutations in the conserved Lys1347 and Thr1348 residues within the P-loop dramatically reduce the binding affinity of LRRK2 for guanine nucleotides, therefore the K1347A and T1348N mutations fail to bind GTP or GDP. 27, 31, 32, 35 Such functional mutations have provided important biochemical insight into LRRK2 regulation and activity, and they also serve as useful specificity controls to distinguish LRRK2 GTPase activity from contaminating GTPase proteins co-purified from mammalian cells in certain assays since recombinant full-length LRRK2 has been difficult to purify for enzymatic analyses. A number of studies have consistently shown that the K1347A and T1348N P-loop mutations markedly impair kinase activity indicating that an intact GTPase domain is critically required for kinase activation. Furthermore, the in vitro kinase activity of LRRK2 can be enhanced by addition of GTP (or its analogs) to cell lysates prior to the immunopurification of LRRK2 whereas direct binding of GTP to purified LRRK2 in vitro does not apparently influence kinase activity. 32, 35, 36 These experiments suggest that kinase activity is dependent on the capacity for GTP binding rather than GTP binding per se. One could speculate that the GTP-dependent interaction of LRRK2 with an unknown guanine nucleotide-binding protein could be important for the regulation of kinase activity; however, evidence for such a mechanism is lacking at present. 32, 36 It is also informative to study the biochemical and cellular properties of functional mutations that promote the supposed GTP-bound "on" or GDP-bound "off" states of LRRK2. Based on sequence similarities with other small GTPases it appears that an Arg1398 residue directly downstream of the catalytic motif (DFAG) in the switch II region is considered critical for GTPase activity. 27 In many small GTPases that most often contain a conserved Gln (Q) at this site, a Q→L substitution results in a constitutively active GTP-locked protein due to impaired GTPase activity. The substitution of Arg to Leu at this position (R1398L) in LRRK2 is expected to result in a GTP-locked 'on' state where the protein is continuously bound to GTP and therefore active due to impaired GTPase activity. However, the R1398L mutation in LRRK2 surprisingly has the opposite effect whereby it exhibits markedly enhanced GTPase activity. 35, 37, 38 The introduction of a second functional mutation in the P-loop of LRRK2 to generate the double mutant R1398L/T1343V exhibits normal GTP binding but impairs GTP hydrolysis, 35 similar to equivalent
An alternative possibility to a GAD mechanism is that the GTPase activity of LRRK2 is regulated through the interaction with regulatory proteins similar to other small GTPases. In this case, guanine nucleotide-exchange factors (GEFs) that catalyze the exchange of GDP for GTP and GTPase-activating proteins (GAPs) that increase the rate of GTP hydrolysis may exist for LRRK2. Indeed it has been postulated that the low rate of GTP hydrolysis by LRRK2 (10-fold lower when compared with Ras) may be due to experimental conditions during measurement that disrupt essential interactions with GAPs or other co-factors. 27, 28 ARHGEF7 was reported to be a putative GEF for LRRK2 since the two proteins were found to interact and ARHGEF7 can enhance the GTPase activity of LRRK2 in vitro. 47 In addition, a recent genetic screen in yeast to identify modifiers of LRRK2-mediated toxicity revealed that GTPase-dependent toxicity can be suppressed by deletion of GCS1, which encodes the yeast homolog of mammalian ADP-ribosylation factor GAP 1 (ArfGAP1), 33 a GAP for the small GTPase Arf1 involved in Golgi membrane trafficking. 48 Subsequent studies in mammalian cells and neurons demonstrated that ArfGAP1 and LRRK2 co-localize and interact and that ArfGAP1 promotes the GTPase activity of LRRK2 indicating that it may serve as a GAP-like protein. 37, 38 Intriguingly, ArfGAP1 also enhances the kinase activity of LRRK2 supporting the idea that GTP hydrolysis can drive kinase activation. 35, 37 At this juncture the major output signal of LRRK2 is considered to be its kinase activity. It has been demonstrated by multiple laboratories that full-length LRRK2 is an active kinase that can autophosphorylate and phosphorylate generic kinase substrates such as myelin basic protein as well as the pseudosubstrate peptides LRRKtide and Nictide in vitro. 22 ,31,32,49-52 Evidence for putative LRRK2 substrates is largely derived from in vitro studies with recombinant proteins and in some cases invertebrate models although there are a lack of studies reporting authentic kinase substrates in mammalian cells or tissues. 11 Autophosphorylation is reported to be the most robust phosphorylation event mediated by LRRK2 that occurs at multiple serine and threonine residues clustering within or near the GTPase domain. [53] [54] [55] [56] The role of autophosphorylation within the LRRK2 GTPase domain is unclear since kinase-inactive mutants of LRRK2 that lack the capacity for autophosphorylation are able to bind and hydrolyze GTP to the same extent as WT LRRK2 in vitro indicating that autophosphorylation is not necessary for GTPase activity. 35 It is likely that autophosphorylation serves a more subtle role in regulating or fine tuning LRRK2 enzymatic activity or is required for the phosphorylation-dependent recruitment and interaction with substrates and/or accessory proteins. Overall, LRRK2 possesses a complex intrinsic regulatory mechanism whereby it is possible that GTP-binding and autophosphorylation events coordinately control kinase activity. Recently, Sheng and colleagues have reported that autophosphorylation at Ser1292 of LRRK2 that occurs in an intramolecular manner is a determinant of neuronal toxicity and this modification can be detected in the brains of G2019S LRRK2 transgenic mice. 57 These observations may have important implications for monitoring LRRK2 kinase activity in vivo especially for the validation of selective kinase inhibitors as potential therapeutics for PD. At present, in the absence of a bona lacking. So far, other domains of LRRK2 such as the Roc and WD40 domains have been shown to mediate or regulate dimerization. 34, 40, 41, 44 Similar to other protein kinases and G proteins, dimerization of LRRK2 appears to be required for enzymatic activity. 45, 46 Mutations that impair dimerization were unable to hydrolyze GTP (i.e., K1347A or T1348N) whereas monomeric LRRK2 lacks kinase activity suggesting that dimerization is critically required for enzymatic activity. 35, 42 It has been hypothesized that the GTPase activity of LRRK2 is regulated by homodimerization and LRRK2 activity could be regulated through a G protein activated by nucleotide-dependent dimerization (GAD) mechanism, similar to C. tepidum ROCO protein. 43, 45 Dimerization via the COR domains induces conformational alterations that bring the Roc domains into close proximity in a guanine nucleotide-dependent manner, with GTP hydrolysis mediated by the adjacent Roc domains coupled to the interaction with an effector protein such as the kinase domain. 43, 45 In this model the cycling between GTP-bound and GDP-bound conformations does not require accessory proteins. It is insightful to interpret the effects of pathogenic mutations within a putative GAD model for LRRK2. In the structural model of C. tepidum ROCO protein, the equivalent residues to R1441 (Y558 in Ct ROCO) and Y1699 (Y804 in Ct ROCO) in human LRRK2 are located at a major intramolecular hydrophobic interface between Roc and COR domains, that is thought to contribute to the flexible hinge region required for the juxtaposition of Roc domains upon dimerization. 43 Accordingly, the Y804C and Y558A mutations within C. tepidum ROCO protein exhibit normal dimerization but result in impaired GTP hydrolysis compared with WT protein, 43 similar to the Y1699C and R1441C mutations in human LRRK2, 28, 33, 34 potentially by limiting the flexibility of the Roc/COR interaction within a monomer. In human LRRK2, the R1441C/G/H and Y1699C mutations impair the interaction between isolated Roc and COR domains which recapitulates the expected intramolecular interaction interface if LRRK2 functions as a GAD. 34 Thus, familial mutations could act to disrupt intramolecular Roc/COR interactions within LRRK2 that are required for proper GTPase activity. Although a GAD-like function for LRRK2 could provide an attractive mechanism for the regulation of the GTPase domain, it is important to note that a crystal structure for the Roc-COR tandem domain is not yet available to confirm such a mechanism whereas dimerization of LRRK2 has not been shown to occur in a guanine nucleotidedependent manner. 34, 35, 41 Furthermore, LRRK2 dimerization has not yet been demonstrated to occur solely through COR domain interactions whereas instead the Roc and WD40 domains are suggested to be implicated. 34, 40, 41, 44 Furthermore, the crystal structure of the isolated Roc domain of human LRRK2 suggests the existence of a domain-swapped dimer although this has been challenged as a potential artifact of crystallization. 40, 43 Overall, the dimerization of LRRK2 seems to be essential for GTPase activity however it is still not clarified if LRRK2 functions as a conventional GTPase or through a GAD mechanism. Structural analyses of the central catalytic domains of human LRRK2 bound to guanine nucleotides is essential to further understand the role of dimerization in regulating enzymatic activity.
Despite substantial evidence reinforcing kinase activity as the major pathogenic mediator of LRRK2-induced neurodegeneration, one should also consider the mechanism(s) underlying pathogenic mutations within the Roc-COR tandem domain (R1441C/G and Y1699C) that do not have consistent effects on kinase activity but which instead consistently impair GTPase activity. 33, 61 As noted above, kinase activity appears to play a role in the neurotoxic actions of R1441C LRRK2 in cellular models 31, 59 but whether this broadly applies to additional familial mutations is not yet known. Likewise, the contribution of GTPase activity to neurotoxicity induced by R1441C LRRK2 (or any Roc-COR mutation) has not been explored. Transgenic or knockin mice expressing human R1441G or R1441C LRRK2 develop motor impairments, defects in dopaminergic neurotransmission and abnormal autophagy suggesting that similar to the G2019S mutation they are capable of exerting pathological effects in vivo. [62] [63] [64] Recent studies in simpler models have highlighted the importance of the GTPase domain as a major determinant of LRRK2-induced toxicity in the baker's yeast, Saccharomyces cerevisiae, as well as in rodent primary neuronal models. 33, 37 Studies in a yeast model demonstrate prominent cellular toxicity induced by expression of the central Roc-COR-kinase catalytic domain of human LRRK2 (since full-length LRRK2 is insoluble in yeast) which is dependent on GTPase activity and is related to deficits in endocytic vesicular trafficking and autophagy. LRRK2-induced cellular toxicity was potentiated by impairing GTP binding/hydrolysis (i.e., via K1347A or T1348N mutations) and attenuated by enhancing GTP hydrolysis (i.e., via R1398L or R1398Q/T1343G mutations). 33 Genome-wide genetic screening in this yeast model identified novel genetic modifiers of LRRK2-induced toxicity most notably GCS1 encoding an ortholog of ArfGAP1 which suppress toxicity upon deletion in yeast 33 or upon gene silencing in rodent primary neurons. 37 Overall, these observations indicate that the GTPase domain could be central to LRRK2-induced cellular toxicity and may represent a promising molecular target for interfering with this toxicity.
GTPase as a Therapeutic Target?
Mutations in the LRRK2 locus that unambiguously cause PD are clustered within the central Roc-COR-kinase region of the protein and to date there is no clear unifying mechanistic hypothesis for explaining the pathogenic effects of mutations located in domains with distinct function, which would be critical for the development of broadly-applicable therapeutic agents. The observation that increased kinase activity of LRRK2 is associated with increased neuronal toxicity, at least for the common G2019S mutation, has shifted the primary focus of research toward the identification of kinase inhibitors as potential disease-modifying agents. Accordingly, pharmacological and genetic inhibition of LRRK2 kinase activity has been proven to provide neuroprotective effects in cellular models and in a single rodent model study. 31, 32, 50, 58, 59 While a potentially promising approach, further genetic and pharmacological validation in independent LRRK2 animal models is now required, especially using highly selective and brain-penetrable inhibitors fide mammalian substrate for LRRK2 kinase activity, it remains an open question whether kinase activity serves as an intrinsic regulatory mechanism or whether there exist physiological substrates that modulate downstream molecular signaling pathways.
The G2019S and I2020T pathogenic mutations are located within the activation loop of the kinase domain. This predicted magnesium binding motif, D(F/Y)G, is essential for substrate access and consequently the G2019S mutation greatly enhances kinase activity in vitro. 22, 31, 49, 50, 52 The effects of the I2020T mutation on kinase activity are less clear with some studies reporting enhanced kinase activity compared with WT protein while others report no effect. 32, [49] [50] [51] 57 It is unclear whether these conflicting outcomes are due to differences in assay design, are related to the quantity of LRRK2 protein analyzed in these assays, or whether this mutation acts through a distinct mechanism leading to neuronal damage. If the latter is true then it would indicate that there exist pathogenic mechanisms that are kinase-independent, a mechanism that has also been postulated for the effects of familial mutations that cluster within the Roc-COR tandem domain of LRRK2.
LRRK2-Induced Neurotoxicity
Pathogenic mutations in LRRK2 may culminate in neuronal toxicity either through kinase-dependent or putative GTPasedependent events. Numerous reports from cultured neural cell lines and primary neurons have demonstrated that expression of G2019S LRRK2 induces neuronal toxicity as assessed by measures of inclusion formation, neurite process shortening and induction of apoptosis (assessed by TUNEL labeling, propidium iodide uptake or nuclear condensation). 11, 31, 32, 50 These neurotoxic phenotypes induced by G2019S and R1441C LRRK2 are diminished or rescued by the simultaneous introduction of kinase-inactive mutations or by pharmacological inhibition of kinase activity. 31, 32, 50, 58, 59 Intriguingly, for the R1441C mutation which does not consistently exhibit altered kinase activity, neuronal toxicity is still apparently mediated through a kinase-dependent mechanism. 31, 59 Viral-based gene transfer rodent models expressing human G2019S LRRK2 display degeneration of substantia nigra dopaminergic neurons, a hallmark pathological feature of PD, while genetic or pharmacological inhibition of kinase activity attenuates this neuronal loss. 58, 60 The contribution of GTPase activity to the pathogenic effects of G2019S LRRK2 are difficult to interpret since genetic inhibition of guanine nucleotide binding via the K1347A or T1348N mutations also severely compromises LRRK2 dimerization and protein stability in cultured rodent neurons resulting in non-equivalent protein levels between LRRK2 variants. 32, 35, 37 However, modulating GTP hydrolysis activity via the R1398L and R1398L/T1343V mutations was not sufficient to robustly modify the neurite shortening phenotype induced by G2019S LRRK2 in primary neuronal cultures. 35 Thus, the impact of altering GTP binding and hydrolysis on the neurotoxic effects of familial LRRK2 mutations require further studies in neurons and animal models taking advantage of synthetic functional mutations that alter GTPase activity, putative accessory proteins (i.e., ArfGAP1) or in future pharmacological agents that target the GTPase domain of LRRK2. modulating GTP hydrolysis (i.e., R1398L or R1398L/T1343V) of LRRK2. 60 Alternatively, strategies to disrupt LRRK2 dimerization via interfering with COR/COR or Roc/COR hydrophobic interaction interfaces would be expected to reduce kinase activity and limit neuronal toxicity. Based on the unique insights we have gained from studying the biochemical and cellular properties of LRRK2 such therapeutic approaches are expected to attenuate kinase activity and subsequent neuronal toxicity that is due to the pathogenic G2019S mutation but would also be beneficial for the R1441C/G/H and Y1699C mutations indicating that targeting enzymatic or structural features of the GTPase domain offers a promising therapeutic approach to treat many cases of LRRK2-associated PD.
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No potential conflicts of interest were disclosed. of LRRK2 kinase activity. However, current evidence suggests that the G2019S mutation limits its effects to the kinase domain and does not reciprocally influence GTPase function, whereas familial mutations within the Roc-COR tandem domain impair GTPase activity but without consistent effects on kinase activity. Since GTP binding and hydrolysis both appear to be important for kinase activity, a potential therapeutic strategy that incorporates all familial mutations would be to target the GTPase domain. Potential strategies beyond inhibition of kinase activity might include enhancing GTP hydrolysis, inhibition of GTP binding or disruption of Roc-COR-mediated dimerization to attenuate the functional output of LRRK2 (including kinase activity) and thereby elicit neuroprotection. 65 Many of these strategies have not yet been tested in neuronal culture or rodent models but evaluating such approaches is of particular importance for the development of effective and selective inhibitors of LRRK2. For example, the adenoviral-mediated expression of G2019S LRRK2 in the rat nigrostriatal pathway confers selective and progressive dopaminergic neuronal degeneration within a relatively short time frame that could be employed as a powerful model to rapidly evaluate the potential beneficial effects of genetically inhibiting GTP binding (i.e., T1348N) or
